Intracellular levels of free Mg2+ in human erythrocytes were determined by 31p NMR spectroscopy in 26 fasted subjects and were correlated with blood pressures and serum levels of total magnesium (bound and free Mg2+) and ionized calcium from the same subjects in a seated position. Untreated hypertensive individuals consistently demonstrated lower levels of intracellular free magnesium (192 ± 8 AM, n = 11) than either normotensive (261 ± 9.8 MM, n = 7, P < 0.001 vs. untreated hypertensive subjects) or hypertensive subjects whose blood pressure had been normalized on therapy (237 ±
7.8 MM, n = 8, P < 0.005 vs. untreated hypertensives). For all subjects, strong relationships existed between intracellular free magnesium and diastolic blood pressure (r = -0.85, P < 0.001) and systolic blood pressure (r = -0.71, P < 0.001).
Significant relationships also were observed between intracellular free magnesium levels and extracellular serum levels of calcium ion (r --0.77, P < 0.001) as well as serum concentrations of total magnesium. (r = 0.62, P < 0.001). We conclude that significant depletion of intracellular free magnesium levels are apparent in erythrocytes of subjects with essential hypertension. Furthermore, the close, inverse relationship of free magnesium levels with the height of the blood pressure suggests that abnormalities of intracellular magnesium metabolism may contribute to the pathophysiology of human essential hypertension.
Isolated observations over five decades suggest an association of magnesium metabolism with blood pressure regulation. Indeed, magnesium was first recommended as therapy of malignant hypertension as early as 1925 (1) . Since that time, basic research has documented the ability of magnesium depletion to alter vascular smooth muscle tone, perhaps by affecting the intracellular disposition of calcium (2) .
However, clinical studies have failed thus far to demonstrate consistent abnormalities of magnesium metabolism in essential hypertension (3, 4) . We have demonstrated an inverse relationship between serum magnesium levels and the concurrent activity of the renal pressor hormone, renin, in essential hypertensive subjects (5) . While suggesting a link between the renin-aldosterone system and magnesium metabolism, the clinical significance of these findings remains uncertain. In attempting to further clarify the clinical relevance of magnesium to human hypertensive disease, we utilized 31P NMR spectroscopy to assess intracellular erythrocyte levels of free magnesium ion and to relate our findings to levels of blood pressure and to extracellular, serum levels of ionized (unbound) calcium and total magnesium (bound and free Mg2+). Our findings suggest consistent abnormalities of intracellular free magnesium levels in subjects with essential hypertension, which are closely linked to the height of blood pressure. METHODS Hypertensive subjects, either untreated (n = 11) or normotensive on therapy (n = 8), and normotensive individuals on no medical therapy (n = 7) were studied between 9:00 a.m. and 12 noon at the Cardiovascular Center of The New York Hospital-Cornell University Medical Center. All subjects had fasted overnight, had blood pressures measured by their physician, and then, in the seated position, had peripheral venous blood drawn for analysis of serum ionized calcium, serum total magnesium, and erythrocyte intracellular free magnesium levels. Blood for serum ionized calcium was collected and processed anaerobically and was analyzed the same day by using a calcium-specific ion electrode (Orion , where the normal range in our laboratory is 2.35-2.65 meq/liter. Serum magnesium levels were Measured by autoanalyzer technique.
Ten milliliters of heparinized venous blood was collected and used for analysis of erythrocyte intracellular free magnesium. Blood was spun at 2,000 rpm for 10 min, and the plasma was discarded. The remaining erythrocyte fraction was decanted into a 12-mm NMR tube and subsequently was analyzed by using 31P NMR spectra. NMR spectra were recorded at 81 (2) , hydrochlorothiazide (2), nifedipine (2), and prazosin (1) . Serum levels of electrolytes did not distinguish hypertensive subjects, either treated or untreated, from normotensive controls, and both serum ionized calcium and total magnesium were within normal limits for the reporting laboratory (ionized calcium, 2.35-2.65 meq/liter; total magnesium, 1.6-2.4 meq/liter).
Intracellular free magnesium levels were clearly and significantly different among the different patient groups (Table  1 and Fig. 2 ). Normotensive controls had levels of intracellular free magnesium, 261 ± 9.8 ,uM, that were similar to published results with 31P NMR techniques (6) . In comparison, untreated hypertensive subjects had intracellular free magnesium levels (192 ± 8 gM) that were significantly lower than those of normotensive controls (significance level, 0.001). Furthermore, drug-treated hypertensive subjects, whose blood pressures were significantly lower than those of untreated hypertensive subjects, had intracellular free magnesium levels (237 ± 7.8 uM) significantly greater than those of the untreated hypertensive group (significance level, 0.005) and were indistinguishable from levels in normotensive controls.
Remarkable relationships also were observed between intracellular free magnesium levels and the concurrent blood pressure for all subjects. Systolic blood pressure correlated negatively with intracellular free magnesium levels (r = -0.71, P < 0.001), and diastolic blood pressure was even more strongly and inversely linked to intracellular free magnesium levels (r = -0.85, P < 0.001) (Fig. 3) . Furthermore, intracellular free magnesium levels also were directly related to serum magnesium (r = 0.62, P < 0.001) and inversely related to the serum ionized calcium (r = -0.77, P < 0.001) (Fig. 4) . No significant relationships were observed, however, between blood pressures and either serum magnesium (r -0.21, systolic, P = not significant; r = -0.23, diastolic, P = not significant) or serum ionized calcium (r = 0.32, systolic, P = not significant; r = 0.37, diastolic, P < 0.1).
DISCUSSION
In our initial attempts to assess intracellular free Mg2+ levels in human hypertension, three related observations were made: (i) individuals with essential hypertension had consistently lower levels of intracellular free magnesium than did normotensive control subjects (Table 1 and Fig. 2) ; (it) eight hypertensive individuals, who on therapy had achieved normalization of their blood pressure, had levels of intracellular free magnesium that were significantly higher than those of untreated hypertensive subjects and indistinguishable from those of normotensive control subjects (Fig. 2) ; and (iii) a continuous inverse relationship was observed between intracellular free magnesium and the height of the blood pressure (Fig. 3) . These findings strongly suggest a physiologic relationship between intracellular magnesium metabolism and blood pressure regulation and pathophysiologically suggest intracellular magnesium depletion to be common in human essential hypertension. 31P NMR has been demonstrated to be an effective technique for the measurement of intracellular free magnesium in a variety of tissues (10) . Because &a, the relative chemical shift of the a-and f3-phosphoryl groups of ATP, can be measured with a precision of <2 Hz, the calculated levels of in- tracellular free magnesium are quite reproducible (Fig. 1) . (16) . The same group later reported, however, no difference in serum ionized calcium levels between hypertensive and normotensive subjects (17) . Indeed, one study reports lower serum levels of ionized calcium among hypertensive individuals (18) . Similarly, serum total magnesium levels have been reported to be both higher and lower in hypertensives compared with normotensives in different published studies (3, 4, 19) , although the majority have tended to emphasize lower values in hypertensive subjects. We previously reported that serum levels of both ionized calcium and total magnesium in hypertensive individuals are indistinguishable from those of nor-motensive control subjects when hypertensives were considered as a homogeneous group (5) . Significant deviations were observed that correlated closely with levels of plasma renin activity, but no significant relationships were observed between the height of the blood pressure and serum concentrations of these divalent cations. Thus, neither have measurements of extracellular calcium or magnesium levels consistently distinguished hypertensive from normotensive populations, nor have reported deviations been directly related to blood pressure in any quantitative manner.
By comparison, our data suggest a close quantitative relationship between intracellular free magnesium levels and hypertension not appreciated heretofore in studies of extracellular ion levels. This notion is supported by previous in vitro and whole-animal studies and by certain clinical observations. Altura, Altura, and co-workers in a series of studies have demonstrated for a variety of vascular beds in different species, that magnesium levels strongly influence vascular tone and vascular responsiveness to pressor agents (20) . Furthermore, these authors have recently shown that dietary magnesium depletion in rats decreases levels of serum magnesium, decreases luminal diameter of peripheral resistance vessels, and increases blood pressure (21) . Similarly, Berthelot and Esposito reported that varying dietary magnesium levels in the spontaneously hypertensive rat enhanced or retarded development of high blood pressure when animals were fed low or high magnesium-containing diets, respectively (22) . Clinically, magnesium was first shown to lower blood pressure in patients with malignant hypertension as early as 1925 and by 1942 was also shown to lower pressure in some but not all chronic hypertensive individuals (23) . The hypotensive efficacy of oral magnesium supplementation in essential hypertensive subjects on diuretic therapy also was recently reported (24) . Our own group has demonstrated that short-term magnesium therapy in essential hypertensive subjects preferentially lowered blood pressure in patients with higher levels of plasma renin activityi: Significantly, these hypertensive subjects with higher renin levels had lower initial levels of serum magnesium, similar to our previous larger population study, where lower magnesium levels were also observed among subjects with higher renin levels (5).
The above studies support our present, new data. Intracellular free magnesium levels correlated significantly with extracellular magnesium levels (r = 0.62, P < 0.001), although it was intracellular magnesium levels that were so closely related to diastolic blood pressure (r = -0.85, P < 0.01), rather than extracellular concentrations (r = -0.23, P = not significant). The question naturally arises, how might intracellular magnesium depletion result in the increased peripheral resistance characteristic of diverse forms of hypertensive disease?
Despite the significant inverse relationship between serum magnesium and plasma renin activity previously reported, insufficient numbers of subjects within differing renin subgroups have been evaluated to establish a relationship with intracellular free magnesium. Furthermore, little is known about the biochemistry of cellular magnesium homeostasis, although magnesium is involved in a wide variety of biochemical processes including ATP and phosphoryl-grouptransfer reactions, as well as thiamin-dependent reactions. Recently a specific magnesium transport system has been described (26) , and magnesium transport appears to be linked to sodium although independent of calcium and calmodulin (27) . However, the ability of magnesium to influence blood pressure may be more likely related to its influence on intracellular calcium metabolism. Magnesium is a weak antagonist of calcium entry into vascular smooth muscle (28) , and magnesium may induce vasodilatation comparable to that of calcium-channel inhibitors (29) . Indeed, magnesium also may potentiate verapamil-induced vasodilatation (30) . The intracellular content and disposition of calcium also is influenced by magnesium, and calcium binding at intracellular sites may be antagonized by magnesium. Thus, magnesium shifts the force-calcium relationship of muscle contraction to the right, possibly suggestive of decreased calcium binding to myofilament regulatory sites (31) . Fur- thermore, magnesium stimulates sarcoplasmic reticulum calcium influx and inhibits calcium dependent-efflux (31) . Magnesium also may retard calcium efflux into the extracellular space, perhaps related to intracellular sequestration (2) . We observed a similar reciprocal relationship between intracellular free magnesium levels and extracellular ionized calcium (see Fig. 4 ).
Therefore, because smooth muscle tension development is directly linked to available cytosolic free calcium, one would hypothesize that lower levels of intracellular free magnesium would be associated with higher intracellular free calcium levels in proportion to the degree of intracellular magnesium depletion and, thus, be associated with proportionately higher blood pressures. This hypothesized reciprocal relationship between intracellular free magnesium and blood pressure is exactly what wa's observed here (Table 1 and Figs. 2   and 3 ). This hypothesis is also supported by recent measurements of intracellular free calcium in normal and hypertensive human platelets (25) . Regardless of hypothesized mechanisms, however, and the many further studies these initial results encourage, we believe our observations remain quite significant and suggest intracellular magnesium as a biochemical regulator of the physiology and pathophysiology of blood pressure control in man.
